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Immunity and cancer 

Peter C.L. Beverley, Miles W. Carroll and Peter L. Stern 
Introduction 

As early as the turn of the century, Paul ErhUch suggested that 'aberrant germs' 
(tumours) occurred at a high frequency in all humans but were kept in check by 
the immune system. Developments in understanding of the protective roles of anti- 
bodies and phagocytes in infectious disease in the early years of the century led to 
attempts to stimulate the immune system to reject tumours. The New York 
surgeon, Coley, used bacterial vaccines to cause a 'commotion in the blood' and 
occasional regressions following treatment or occurring spontaneously were taken 
as evidence of an effective immune response. 

Early experimental work demonstrated that transplanted (allogeneic) timiours 
usually regressed. However, it was soon realized that this was a consequence of the 
genetic disparity of host and tumour and was revealing immtme responses to 
foreign tissue transplants, not tumour antigens. However, what these early studies 
did show was that a strong immune response could prevent the growth of a tumour 
and cure the animal. 

Immune surveillance 

In the 1950s, Burnett^ and Thomas^ restated Erhlich's idea as the theory of 
'immune surveillance'. It was proposed that the immune system was able to recog- 
nize abnormal cells, which were destroyed before they could develop into a tvunour. 
Since tumours do develop in many individuals it was also suggested that the 
immune system played a role in delaying growth or causing regression of estab- 
lished tumours. 

The strongest evidence for an effect of the immune system on tumours derives 
from the association between immunosuppression and increased tumour inci- 
dence. In kidney transplant recipients, many of whom have been followed for over 
20 years, there is quite clearly a greatly increased frequency of tumours. On closer 
examination this data is not quite so straightforward as it at first appears. On the 
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Box 1.1. Viruses and human tumours 


one hand, there is a large increase in the frequency of several tumours in which 
viruses are known to be involved (see Box 1.1); on the other, there is also a slight 
but definite increased risk for many other cancers in which viruses are not known 
to play a role^. 

These data strongly suggest that the immune response may be most effective in 
preventing the spread of potentially oncogenic viruses. Recent evidence that the 
incidence of hepatic carcinoma decreases following the institution of mass hepa- 
titis B vaccination campaigns strongly supports the view that the immune system 
can be highly effective in preventing cancer, in this case by preventing infection 
with oncogene hepatitis B virus^. 

Experiments in immunosuppressed animals support the view that immune sur- 
veillance is largely directed towards viruses rather than tumours^. Many experi- 
ments have subsequendy shown that cellular immune responses, mediated by 
thymus-derived (T) lymphocytes, are the key protective responses against viruses. 
These experimental data do not imply that there is no immune response to the 
majority of tumours but suggest that, for the majority of tvunours, the immune 
response maybe reZarive/y meffective (Figure 1.1). 

The immune system and cancer 

Although the evidence discussed above implies that the immune response against 
most nonviral tumours is ineffective, underlying the work discussed in the follow- 
ing chapters of this book is the assumption that antigen-specific immune responses 
against tumours are relevant. This assumption rests, first, on the idea that tumours 
are suflficiendy distinct from other host cells that the immune response can distin- 
guish between them; and, second, that an appropriate tumour-specific response 
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Figure 1.1 Immune surveillance and failure of surveillance 

can cause tiunour regression or elimination. A Ust of tmnour antigen types and 
their potential immune recognition is given in Box 1.2. 

Many tumour cells are distinguishable from corresponding normal cells using 
antibodies. First polyclonal antibodies then murine mAbs were used to identify 
tumovu-'associated antigens^. Not all aberrantly expressed molecules provoke an 
inmiune response by the host but passive immunotherapy may be directed at 
antigens which are well expressed on tumours, so long as side effects due to tar- 
geting of any normal cells expressing the antigen are acceptable. This principle 
underUes the use of most antibodies in inmumotherapy and many trials have 
been carried out with mAbs which are known to target some normal cells as well 
as timiours^. 

There is also abimdant evidence that nonviral tumours express antigens to which 
the host immune system can respond. Recently, host antibodies have been used to 
clone a number of antigens® (see Chapter 8) and pioneering work by Boon and his 
colleagues has firmly established that melanomas and other timiours express anti- 
gens recognized by T lymphocytes. They carried out in vitro mixed lympho- 
cyte-txmiour cultures to restimulate cytotoxic T lymphocyte precursors (CTLp). 
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Box 1.2. Origin and detection of tumour antigens 


The resulting CTLs were used to define and clone many antigens of melanoma cells 
recognized by host T cells^ (see Chapter 11). 

That immune mechanisms can contain or eliminate tumours is also no longer in 
doubt. The data from animal experiments with allogeneic tiunours showed that a 
tumour could be eliminated if completely foreign to the host. Later experiments 
showed that a small number of antigen-specific CTLs can cause complete regres- 
sion of a tumour^^ Similarly, in human posttransplant EBV lymphoma patients, 
mfiision of immune T cells can cause complete tumour regression" and antibody- 
mediated therapy of a lymphoma caused regression of large tumour masses and a 
very long remission in the first patient treated^^ The undoubted effects of IL-2 in 
some melanoma and renal cell carcinoma patients^^ and of BCG in bladder cancer 
(see Chapter 2), is also strongly suggestive of an effective cellular unmune response 
even when induced nonspecifically. 

Nevertheless, despite the undoubted existence of tumour-associated or tumour- 
specific antigens and the encouraging precedents for therapeutic effects described 
above, tumours do arise, grow and frequendy kill patients. The remainder of this 
chapter attempts to illuminate this paradox by discussing the mechanisms of 
immune responses and how these might influence immunotherapeutic strategies. 
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Figure 1.2 Antigen processing 


Antigen recognition 
Antigen processing 

Antigen recognition by antibody occurs through the interaction of the binding site 
of an antibody molecule witii a complementary three-dimensional structure (an 
epitope) on anotiier molecule, the antigen. Although this may be complicated 
because the antigen is fixed in an array (for example in a cell surface) and because 
of the multivalent nature of antibodies, it is essentially a simple interaction. This is 
not the case for recognition of antigen by T cells. The key features of this process 
are illustrated in Figure 1.2. 
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Exogenous processing Endogenous processing 

The antigen must be taken up by specialized Antigen must be synthesized in the ceU 

antigen-presenting cells. Processing can occur in any MHC-1 
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processing in APC. processing. 
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the specificity of processing enzymes, 
the glycosylation of the protein, 
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Box 1.3. Factors influencing antigen presentation 


Antigen processing for presentation on either major histocompatibility class I or 
II antigens (MHC I or II) is a complex process and the selection of peptides to be 
displayed is governed by factors which operate at each level of the processing mech- 
anism (see Box 1.3). Processing of antigens is ineflScient in the absence of 'danger 
signals'. These are nonantigen-specific signals, which indicate to the immune 
system that it has encountered a foreign material'*; examples are bacterial lipopoly- 
saccharide or specific sequence motifs of the DNA and RNA of micro-organisms 
Danger signals are recognized by evolutionarily conserved receptors and are par- 
ticularly effective in activating specialized antigen-presenting ceUs (APC) to 
process and present antigen. 

The last step in the process, the binding of processed peptides to MHC mole- 
cules, is a critical step. The MHC is a highly polymorphic system and each allele 
bmds a different set of peptides. For MHC class I the peptides are generaUy 8-10 
ammo acids long and binding is greatly influenced by one or two key 'anchor' res- 
idues, which fit into pockets in the MHC binding groove. The nature (charged, 
hydrophobic etc.) and positions of the anchor residues in the peptide sequence 
make up a peptide binding motif which differs for each MHC aUele. For MHC class 
II the peptides are generaUy 12-15 amino acids long but sequence motifs again 
mfluence peptide binding and the motifs may be allele specific. The consequence 
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of this specificity of binding is that not all new protein sequences maybe recognized 
by T cells as foreign. For this to happen it is essential that some peptides generated 
from the new sequence by processing, bind with sufficient affinity to host MHC 
molecules to stabilize them and allow their transport to the cell surface^^'^^. 

As a rule, viral infertion has been thought to be controlled by CTLs restricted 
through MHC I following endogenous processing of, for example, viral antigens. 
Recendy it has become apparent that exogenous presentation is critical for induc- 
tion of an immune response during viral infection of peripheral tissues^^ This is 
perhaps not so surprising, since it would make little sense for the dendritic cells 
critical to the cross priming events necessary for subsequent CTL development, 
to be susceptible to various viral escape mechanisms apparent in other types of 
inferted cells. 

Self-tolerance 

Since MHC molecules are unstable at the ceU surface in the absence of bound pep- 
tides, the fact that most tissue cells express low levels of MHC class I molecules and 
a variety of AFCs express MHC class I and II, implies that antigen processing pro- 
ceeds in the absence of danger. Elution and sequencing of peptides from cells has 
shown that many of the peptides displayed are derived fi*om normal self-proteins. 
Since, in general, the immune system does not respond to these self-molecules 
there must be mechanisms to prevent this. 

Early experiments suggested that the thymus plays a key role in the development 
of T lymphocytes, including the selection of 'useful' T cells and the deletion of 
'harmful' self-reactive cells^^. Positive and negative selection are complex mechan- 
isms but involve the interaction of the T cell receptor (TCR) of thymocytes with 
MHC^self-peptide complexes on APC. Depending on the affinity of this interac- 
tion and the presence or absence of other signals (co-stimuli), the developing thy- 
mocyte may survive and proUferate or die. In the bone marrow, similar selective 
mechanisms operate on developing B lymphocytes. Negative selertion is not a fool- 
proof mechanism so that autoreactive T and B cells exist in the periphery. In 
general, only B cells with relatively low affinity for self-antigens are present in 
peripheral lymphoid tissue. Development of high affinity antiself-reactive antibody 
requires somatic mutation in activated B cells, a process needing T cell help. 
Autoreactivity of B cells is therefore controlled by T cells. 

After developing T cells leave the thymus to seed the periphery, the repertoire of 
available T cells continues to be shaped by a variety of mechanisms. These are either 
dependent on death or functional inartivation of self-reactive T ceUs by a variety of 
mechanisms, but these usually come into play when lymphocytes encounter 
antigen in the absence of adequate co-stimulation*^ (see Box 1.4). 
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Thymocytes with high affinity for self-MHC+self-peptide deleted by apoptosis. 

Peripheral T cells encountering MHC+ peptide in absence of co-stimuli maybe deleted or 
anergized. 

T cells may ignore antigens presented without co-stimuli. 

Activation of T cells is dependent on concentration of MHC-peptide and amount of co- 
stimulation. 

T-cell responses may be suppressed. 
Box 1.4. Mechanisms influencing the peripheral T-cell repertoire 

Co-stimulation and initiation of responses 

T lymphocytes are the key regulators of the immune system. Activation of T cells 
to become effector cells, requires another signal (signal 2) in addition to that deUv- 
ered through the TCR (signal 1). The nature of signal 2 has been the subject of 
intense investigation over the last few years and it has become clear that many 
different Ugand-receptor pairs on the antigen-presenting cell and the T cell play a 
role (Figure 1.3). Some of these are Usted in Box 1.5. 

An important point in considering this cellular interaction is that it is a two-way 
process. As well as receiving signals from the APC, the T cell deUvers signals to it 
and the consequence is activation and differentiation of both cell types. There is 
abundant evidence that the key antigen-presenting ceU type in primary activation 
of T cells is the dendritic cell (DC)^**. 

Recent evidence suggests that the sequence of events requires, first, that the DC 
is activated by *danger' signals. Following this a process of maturation occurs, with 
up-regulation of key co-stimulatory molecules on the DC surface including CD80 
and 86. In turn this initiates T cell activation and up-regulation of T cell surface 
molecules such as the IL-2 receptor, which is essential for growth of T cells. At the 
same time T cell CD 154 (the Ugand for CD40) is expressed and this delivers a very 
strong signal for further activation to dendritic cells. Very recendy it has been dem- 
onstrated that ligation of DC-CD40 enables DC to acquire the ability to activate 
naive cytotoxic T ceU precursors (CTLp) v/ithout the necessity for further signals 
delivered by T helper (Th) ceHs^^'^^, CD40-CDI54 interaction is therefore a key 
stage in the DC-T cell interaction. 

Cytokines produced by both cell types have effects on growth and differentiation 
of the cells. IL-12 and IL-4/10 have been shown to be particularly important in 
directing the production of Th-1 and Th-2 effector cells^^. Chemokines control the 
migration of both DC and lymphocytes during the initiation of an immune 
response and its effector phase^^ (see Box 1.5). 
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-TCR interaction 
alone leads to anergy 
or apoptosis, a negative 
outcome. 




TCR-MHC II and CD4 
interaction plus 
co-stimuli, leads to 
helper T-cell activation, 
positive outcome. 


T-cell 
cytoidnes 


TCR-MHC I and CDS 
interaction plus 
co-stimuli, leads to 
cytotoxic T-cell 
activation, a positive 
outcome. 


Rgure 1.3 Co-stimulation 

Priming of antitumour responses 

In most immune responses to micro-organisms, priming is thought to occiu- in 
lymph nodes draining the site of infection. Initiation of the immune response 
requires a danger signal to alert the system. Without this DC v«ll not be activated 
to process antigen, up-regulate co-stimulatory molecules and leave peripheral 
tissues to migrate to lymph nodes, where potentially responsive naive T cells 
encounter the antigen. 

A small tumour may not initiate a response because it fails to deliver a danger 
signal. In contrast, once inflammation occurs in the tvunour, perhaps through 
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Box 1.5. Cell-surface interactions between DC and T cells 


breakdown of the epithelial barrier and entry of micro-organisms if the tumour is 
at a superficial epithelial site, or through tumour necrosis if it outgrows its blood 
supply, there will be an influx of inflammatory cells including DC. Necrotic or 
apoptotic tmnour cells may provide a soturce of tumour antigen^^. DC are stimu- 
lated and leave the tumour to migrate to draining nodes. Experimental evidence 
suggests that this is the main route for priming against tumour cells rather than 
direct priming by the tumour ceUs themselves^^. Surprisingly this is the case for 
both the exogenous MHC class II and endogenous class I pathways, suggesting that 
in DC exogenous antigen can enter both processing routes^^. 

While tumour antigen eventually reach the draining node is there likely to 
be a high fi'equency of potential responder T cells? In theory, since many tumour 
antigens are unaltered self-molecules, high affinity responsive cells should have 
been deleted in the thymus, but in practice deletion is incomplete and T cells reac- 
tive to self-antigens including tumour-associated molecules, have been repeatedly 
demonstrated. Whether they are present at lower firequency or have lower affinity 
than T cells capable of responding to exogenous antigens, is currently unclear. In 
any case by the time patients present for immunotherapy, it is likely that tumour- 
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reactive cells will have been primed and that effector cells may have re-circulated to 
enter the tumour site. Studies of tumour-infiltrating lymphocytes (TILs) provide 
support for this concept^^. Strategies for immunization against a growing tumour 
may therefore aim to prime naive lymphocytes or to boost pre-existing immunity. 

Immunotherapeutic immunization strategies 

The key factors in any attempt to generate or boost antitumour immunity is the 
delivery of relevant and immunogenic tumour antigens to professional antigen- 
presenting cells. This critical step is fundamental in the generation of any primary 
specific cellular or humoral immunity. This may result from a nonspecific activa- 
tion induced locally by delivery of BCG (see Chapter 2) or the use of irradiated 
allogeneic tumour cells with cytokines and/or co-stimulatory molecules. Adjuvants 
(including cytokines) are usually utilized when inmiunizing with protein or pep- 
tides (Chapters 5, 6, 7 and 11) whereas pox viruses encoding tumour target anti- 
gens act as a potent inducer of the danger signals associated with APC activation 
etc. (see Chapters 3, 4 and 5). DNA vaccines must eventually lead to expression of 
tumour antigens and their processing by APCs (Chapter 12), whereas direct deliv- 
ery of timiour antigens as proteins, by cell fusion or by cDNA to dendritic cells rep- 
resents the most direct approach to attempt to generate antitumour immunity (see 
Chapter 13). These approaches are frequently biased by the prejudice that specific 
T cell inraiunity is likely to be of greater relevance in tumour therapy. However, the 
role of antibodies directly (e.g. Chapter 7) or indirectly (see Chapter 8) and gener- 
ally in txunour immtmity is probably being underestimated (see Chapter 10) and 
may be of critical importance in some virally associated tumours (Chapter 9). 

One group of immunization strategies uses tumour cells as the immunogen on 
the assumption that many timiour antigens may not yet be defined. It is often 
assimied that the timiour cell presents its own antigens but since many tumours 
exhibit MHC class I down-regulation and lack MHC class II as well, they are 
imlikely to be optimal APC even if this does occur. However, many attempts have 
been made to remedy this by transduction of the tumour cells with genes for some 
of the missing molecules. The logic of this is obscure if immunization occurs, not 
through presentation of antigens by tiunour cells themselves, but by processing of 
tumour-derived antigen in host antigen presenting cells. AdditionaUy, although 
one or two co-stimulatory or MHC molecules can be inserted into a tumour cell, 
it is highly imlikely that this will make it present antigen as efficiently as a 'profes- 
sional' antigen-presenting cell (usually a dendritic cell). 

An alternative type of strategy attempts to ensiure that tmnour antigen reaches 
antigen-presenting cells. This can be achieved by transducing tumour cells in vivo 
with genes for cytokines or chemokines (e.g. GM-CSF), which might attract 
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Box 1.6. Active immunotherapy 


antigen-presenting cells to the lesion^^. Alternatively, in vitro grown tumour cells 
may be transduced, inactivated and used as an immunogen. A logical extension is 
to use DC directly loaded with tumour antigens in vitro as the immunogen^*. There 
are now many approaches focused on specific or nonspecific immimization using 
DC (see Chapter 13). 

The antigen need not be in the form of tumour cells since tumour antigens are 
rapidly being defined. Subunit vaccines of various types have the advantage that 
they remove irrelevant molecules and potentially interfering or immvmosuppres- 
sive ones. The down-side is that if few T cell epitopes are included in the vaccine 
there may be no epitopes, which bind with high affinity to the MHC alleles of some 
vaccinees, since each allele binds epitopes with a particular sequence motif^**. 
Various strategies are summarized in Box 1.7. 

Strategies aimed at DC have the advantage that ultimately they target lymph 
nodes, mimicking the physiology of a normal immune response (Figure 1.4). 
Another possible advantage of methods employing in vitro transduced cells is that 
they may be injected at a site distant from the tumour, avoidmg the problem that 
the tumour itself may produce immunosuppressive substances such as the cytokine 
TGFjS^^ and that these may reach tumour-draining nodes. Unfortunately, tumour 
patients' T cells sometimes exhibit poor responsiveness in vitro, suggesting a sys- 
temic immunosuppressive effect of tumours^^. This has been attributed to abnor- 
maUties in expression of the CD3^ chain, which is involved in signal transduction. 
What causes this is a matter of debate and how specifically related to cancer is the 
defect is not estabhshed, but the functional abnormahty can sometimes be reversed 
in vitro and possibly in vivo by This is discussed in Chapter 5. 
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Problems 

The tumour antigens need to be defined. 

Single T-cell epitopes are often MHC allele specific. 

Subunits lack danger signals. 

Advantages/solutions 

Removal of irrelevant but competing or suppressive antigens. 

Adjuvants, helper antigens, cytokines or co-stimuli can be easUy combined with subunits. 
Multiple epitopes from different antigens can be combined in epitope strings to overcome 
the allele problem. 

The vaccine can be designed to generate appropriate immune responses. 
Vectors can be tailored to achieve optimal inununization. 

Methods for administration 

Peptides with or without adjuvant. 
Recombinant proteins with or without adjuvant. 
Glycoconjugates with helper epitope and adjuvant 

Recombinantviruses (e.g. vaccinia-MUC-1 or Vac-HPV-16E6 and E7, with or without 
cytokines). 

DNA, combining antigen with co-stimuli or cytokines. 


Box 1.7. Subunit vaccine strategies for tumours 


Effector function . • • j- 

The immune system has multiple effector mechanisms for combatmg mvadmg 
micro-organisms (see Box 1.8) but it remains unclear which of these are most 
effective against tumours. CompUcating the issue is the enormous variation in the 
behaviour of different tumour types, so the most important effector mechanism 
may well differ depending on the tumour type. 

The available animal experimental data is not particularly helpful. Evidence for 
some mechanisms is mainly based on in vitro experiments and extrapolation firom 
immunohistology. For example, macrophages are abundant in many tumours and 
can be shown in vitro to inhibit the growth of tumour ceUs, but it is less clear what 
role they play in vivo. The role of antibodies produced by the host itself is also con- 
troversial, although such antibodies have proved to be an important tool for defi- 
nition of tumour-associated molecules (Chapter 10). On the other hand, 
monoclonal antibodies (mAbs) have been shown in humans to be able to localize 
tumours and have been demonstrated convincingly to delay the onset of tumour 
progression and increase survival in a randomized trial of a mAb as adjuvant 
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therapy for colon cancer^. The mechanism of this effect has not been elucidated, 
nor are the mechanisms which have occasionally led to remissions in lymphoma 
patients treated with anti-idiotypes or to tumour dormancy in experiments in a 
murine modeP^ (see Chapter 8). As yet there have been few attempts to generate 
high titre antibodies to tumour-associated antigens in humans except in trials tar- 
geted to idiotypes of B cell tumours^^ (see Chapter 12). Whether antibodies to other 
surface antigens, generated by active immunization of the host, might be effective 
particularly against small metastases, remains to be properly investigated. 

The evidence that allograft rejection is mediated by T cells has led many investi- 
gators to focus on T lymphocytes as antitumour effectors. In mouse experimental 
models, there is evidence for the participation of T cells in protection against 
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Humoral 

Antibody blocking (for example, of growth factor receptors). 

Antibody-induced apoptosis. 

Antibody- and complement-mediated lysis. 

Cytokine-mediated cytostasis or cytotoxicity (e.g. cytostatic effects or interferons or 
cytotoxicity of TNFa). 

Humoral and cellular 

IgE-mediated allergic reactions involving basophils and mast cells. 
Antibody-mediated cellular cytotoxicity by natural killer cells and macrophages. 

Cellular 

Natural killer cell cytotoxicity. 

Cytostasis and cytotoxicity mediated by activated macrophages. 
T cell cytotoxicity 

bya)3Tcells 

by 76 T cells 


Box 1.8. Immune effector mechanisms 


tumour challenge (an artificial situation in which the animal is first immunized 
against the tuinour and then challenged with viable tumour cells) and in rejection 
of established timiours. Evidence described earlier indicates that small mmibers of 
activated cytotoxic T lymphocytes (CTL) can certainly eUminate relatively large 
txmiour masses under optimal circumstances, and many human tumour antigens 
have been defined using CTL, so that there continues to be a concentration of effort 
on immimization against MHC class I binding epitopes. 

The overwhehning problem of this strategy is the loss of MHC class I molecules, 
which is such a prominent feature of human tumours. This may be allele specific 
or global and several molecular mechanisms have been defined, including muta- 
tions in the peptide transporters, in MHC molecules themselves and in j32- 
microglobuUn^^ Loss of MHC molecules suggests that the T cell immune response 
applies selective pressure to tumour cell populations, but it also impUes that by 
the time a tumour is detectable it may aheady have been selected for resistance 
to the T cell antituniour immune response. Although natural killer (NK) cells may 
recognize better the cells which express low levels of MHC^^ few NK cells can be 
demonstrated in most tumoiurs and infusions of lymphokine activated killer (LAK) 
cells have not been notably successfiil. All this suggests that MHC loss is likely to be 
a major bar to immunotherapy aimed at stimulating CTL. 
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Immunotherapy has undergone many ups and downs during this century. What is 
unarguable is that the immune system can destroy large tissue masses if it can be 
brought to bear on them. Recent data suggest that human tumours do differ from 
their hosts sufficiendy for them to be recognized as foreign, although the frequency 
and affinity of the responding cells is not clear. Tumours may be initially poor 
immunogens because they lack danger signals and produce immunosuppressive 
substances, v^hich interfere with immune responses. Once an immune response is 
generated, there is evidence for escape through down-regulation of MHC mole- 
cules. 

All this makes it clear that therapeutic active immunization may be difficult. 
Early institution of inmiunotherapy is likely to be more effective, when the tumour 
has had less chance to escape and the immune system has not been damaged by 
chemotherapy. It also makes sense to target as many antigens as possible, making 
escape more difficult. Rapid progress in definition of ttmiour antigens and 
improvements in methods for immunization, will mean that it at least be pos- 
sible to test whether optimal immunization to obtain a large and broadly targeted 
response, will be an effective therapeutic anticancer modality. This volume details 
the present state of the art, although as yet this goal has not been reached. 

Historically, immunization has been most effective when administered prophy- 
lactically. Definition of more and more tumour antigens may open the way to pro- 
phylactic immunization for nonviral as well as viral tumours, at least in high-risk 
groups. The problem of immunoselection may in the future be overcome by using 
T cells engineered to recognize antigen through an introduced antibody receptor. 
Antibody itself can be effective. A conservative view is therefore that, in the next 
decade, some forms of inununotherapy wiQ take their place as standard cancer 
treatment. 
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Serologically identified tumour antigens as 
cancer vaccines 

Ugur Sahin, Ozlem Tureci and Michael Pfreundschuh 


Introduction 


Vaccination strategies for the treatment of human cancer depend on the existence 
of tumour antigens which are able to elicit specific inmiune responses in the 
tumour-bearing host. The specific recognition of antigens by the immime system 
is accomplished by two targeting systems: CD4+ and CDS 4- T lymphocytes rec- 
ognize processed antigens presented on MHC class II and class I molecules, respec- 
tively, while B lymphocytes produce antibody molecules that bind specifically to 
improcessed antigens. The analysis of humoral and cellular immune responses in 
cancer patients had indicated for a long time that cancer-specific antigens do 
indeed exist and are recognized by the inmiime system of the tumour-bearing 
host^ However, the molecular nature of these antigens remained unclear imtil 
cloning techniques were developed that used estabUshed cytotoxic T lymphocyte 
(CTL) clones^ or circulating antibodies^ as probes for screening of tumour-derived 
expression libraries. The CTL approach and the antigens identified by it are 
reviewed elsewhere in this book (Chapter 11). This chapter is intended to give an 
introduction to the serological approach, to smnmarize the current status of anti- 
gens identified and to provide a perspective for the use of these antigens for cancer 
immunotherapy. 


Rationale for using the antibody repertoire of cancer patients for the 
identification of tumour antigens 

A variety of in vitro studies and animal tumour models demonstrated that CTLs 
are the protagonists of an effective cytotoxic antitiunoural immune response and 
motivated the search for antigens recognized by CDS + T lymphocytes. The neces- 
sity of established precharacterized CTL clones with timiour-cell restricted reactiv- 
ity is the major obstacle of the CTL-based cloning approach and was the main 
reason why the majority of antigens defined hitherto were identified in malignant 
melanoma^. Even though tumour immunology has been CTL-centric in the 
last decade, it is common knowledge that antitumour immune recognition is a 
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concerted action. A large body of evidence points to a coordinated recruitment of 
CD4 H-, CD8 + and B-cell responses to the same tumour antigen, and suggests that 
once immune recognition of an antigen is elicited, it is not restricted to merely one 
effector system. Furthermore, it is frequendy argued that the CTL repertoire of 
cancer patients is deleted for many relevant CTL precursors. However, it is quite 
unlikely that a concomitant antibody response towards antigens (in particular 
intracellular ones) for which respective CTLs have been deleted, would also be 
erased^. Thus, specific antibodies may be the persisting hallmark of a substantial 
tumour-immune system confrontation and may help to trace back to deleted CTL 
specificities. Based on these rationales, we designed a novel strategy using the anti- 
body repertoire of cancer patients for the molecular definition of antigens. Once 
identified serologically, these tumour antigens were analysed subsequendy for 
T-lymphocyte-recognized epitopes presented by MHC class I or II molecules. 


The SEREX approach 

For the systematic and unbiased cloning of tumour antigens recognized by the anti- 
body repertoire of cancer patients, we developed a serological cloning approach, 
termed the SEREX (serological analysis of tumour antigens by recombinant cDNA 
expression cloning) approach^*^. For SEREX, cDNA expression Ubraries are con- 
structed fi'om fi'esh tumour specimens, packaged into lambda-phage vectors and 
expressed recombinantly in Escherichia coli. Recombinant proteins expressed 
during the lytic infection of bacteria are transferred onto nitrocellulose mem- 
branes. These are incubated with diluted and extensively preabsorbed autologous 
patient serum. Clones reactive with high-titred IgG antibodies are visualized using 
an enzyme-conjugated secondary antibody specific for human IgG. Positive clones 
are subcloned to monoclonality, thus allowing the direct molecular characteriza- 
tion. The SEREX approach is technically characterized by several features: 

(1) There is no need for estabUshed tumour cell lines and precharacterized CTL 
clones. 

(2) The use of fresh tumour specimens restricts the analysis to genes that are 
expressed by the tumour cells in vivo and circumvents in vitro artefacts asso- 
ciated with short- and long-term timiour cell culture. 

(3) The use of the polyclonal (polyspecific) patient's serum as a probe for 
immunoscreening allow for the identification of multiple antigens with one 
screening course. 

(4) The screening is restricted to clones against which the patient's immune system 
has raised high-titred IgG and/or IgA antibody responses indicating the pres- 
ence of a concomitant T-helper lymphocyte response in vivo. 

(5) As both the expressed antigenic protein and the coding cDNA are present in 
the same plaque of the phage immunoscreening assay, identified antigens can 
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be sequenced immediately.. Sequence information and excised cDNA inserts 
can be direcdy used to determine the expression spectrum of identified tran- 
scripts by Northern blot and reverse transcription polymerase chain reaction 
(RT-PCR). 

(6) The release of periplasmic proteins involved in protein folding during phage- 
induced bacterial lysis allows at least partial folding of recombinant proteins 
and provides the basis for the identification of linear as well as nonlinear epi- 
topes. This has been confirmed by the expression of transcripts which code for 
enrymatically active proteins (our unpubUshed results). In contrast, epitopes 
derived fi-om eucaryotic posttranslational modification (e.g. glycosylation) are 
not detected by the phage immunoscreening assay. 

Antigens identified by SEREX 

As stated above, the SEREX approach allows for the simultaneous identification of 
multiple antigens using the antibody repertoire of a single cancer patient. The anal- 
ysis of a variety of neoplasms demonstrated that aM hitherto investigated neoplasms 
are immunogenic in the tumour-bearing host and that immunogenicity is con- 
ferred by multiple antigens. As the antitumour antibody repertoires from individ- 
ual cancer patients vary considerably, a large number of antigens could be 
identified by SEREX. The proUferation of the technology to, and the cooperation 
with, many other laboratories in the coordinated analysis of different types of 
human cancers will provide the systematic typing of the expressed immunogenic 
human cancer genome. For the systematic documentation and archivation of 
sequence data and immunological characteristics of identified antigens, an elec- 
tronic SEREX database was initiated by Dr Uoyd Old and implemented by Victor 
Jongeneel and colleagues of the Ludwig Cancer Research Institute. It provides a 
variety of means for sequence analysis and homology searches. 


Classification of tumour antigens 

By December 1998 more than 900 entries have been made in the SEREX database, 
the majority of them representing independent antigens. These include known 
tumour antigens such as the melanoma antigens MAGE-1, MAGE-4a and tyrosi- 
nase, which demonstrates that at least some of the serologicaUy identified antigens 
are also targets for CTL. A second group of antigens is comprised of transcripts that 
are either identical or highly homologous to known genes which have not been 
known to eUcit immune responses in humans, e.g. kinectin, a microtubule-associ- 
ated transporter of golgi vesicles. The third group of serologically defined antigens 
consists of previously unknown genes, such as HOM-HD-21, a new galectin firom 
a tissue affected by Hodgkin's disease*. The abundance of antigens and the fact that 
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Table 10-1. Categories of tumour-associated antigens identified by SEREX 


Class 

Antigen 

Homology/identity 

Source 

Cancer testis antigens 

HOM-MEL-40 

SSX-2 

Melanoma 

Differentiation antigens 

HOM-MEL-55 

Tyrosinase 

Melanoma 

Overexpressed gene products 

HOM-HD-21 

Galectin-9 

Hodgkin 

Mutated gene products 

NY-COL-2 

p53 

Colon cancer 

Splice variants 

HOM-HD-397 

Restin 

Hodgkin 

Gene amplification products 

HOM-NSCLC-U 

eIF-4g 

Lung cancer 

Cancer-related autoantigens 

HOM-MEL-2.4 

CEBPgamma 

Melanoma 


a large portion of them is encoded by previously unknown genes, calls for a precise 
procedure to assess the role of the identified transcripts and observed unmune 
reactions in the course of the malignant disease. This is performed by a three-step 
analysis which comprises a sequence analysis (search for tumour-associated 
sequence alterations) with subsequent homology search, expression studies in neo- 
plastic and normal tissues and the determination of tiie immunogenic spectrum as 
assessed by the frequency of antibodies m sera from cancer patients and healthy 
controls. Based on the results of this basic analysis tiie SEREX antigens can be 
assigned to different groups (Table 10.1). 

Expression studies are performed by Northern blot analysis using labelled cDNA 
as probes and by RT-PCR with transcript-specific primers. These mvestigations 
identify transcripts with a ttmiour-associated expression. Tumour antigens with 
high or frequent expression m tumour cells or tissues are restricted (i.e. no or very 
low expression) in normal tissues and are of special interest for cancer immuno- 
therapy. Antigens with such a type of expression fall into several expression cate- 
gories. 

Cancer testis antigens (CTA) are selectively expressed in a variety of neoplasms 
(in a lineage-mdependent manner), but not in normal tissues except for testis. 
Examples are members of tiie MAGE gene family, which had already been defined 
by CTL approaches, and several new antigens such as HOM-MEL-40 and NY-ESO- 
1 which will be discussed in more detail below. 

Differentiation antigens demonstrate a Uneage-specific expression in tumours, 
but also in normal cells of tiie same origin; examples are tyrosinase and GFAP (gUal 
fibrillary acidic protein) which are antigenic in malignant melanoma and gUoma, 
but are also expressed in melanocytes or bram cells, respectively. 

Overexpressed genes code for many tumour antigens identified by SEREX. The 
members of this class are expressed in low levels in normal tissues (usually detect- 
able by RT-PCR), but are up to 100-fold overexpressed in tumours. An example is 
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HOM-RCC-3.1.3, a new carbonic anhydrase which is overexpressed in a fraction 
of renal cell cancers^. The overexpression of a transcript may result from gene 
ampUfication as demonstrated for the translation initiation factor eIF-4g in a squa- 
mous cell lung cancer^°. 

Antigens encoded by mutated genes have been demonstrated only rarely by the 
serological approach, with mutated p53 being one example^^ 

Tumour-specific splice variants of otherwise ubiquitously expressed genes can 
also result in tumour-associated immunogenicity. Similar to CTA, these splice var- 
iants can display an expression pattern that is restricted to tumours and testis 
(unpublished data). 

Virus-encoded antigens that elicit an autologous antibody response have also 
been detected by SEREX, e.g. the env protein of the human endogenous retrovirus 
HERV-KIO^^ which was found in a renal cell cancer. 

Cancer-related autoantigens ehcit antibody responses in patients with different 
types of cancer, but not in individuals without malignant diseases. Examples for 
this class are p53^^ and HOM-TS-64/kinectin (unpubhshed data). 

Cancer-independent autoantigens elicit autoimmvmity that is not related to neo- 
plastic disease. An example is HOM-MEL-23 which is identical to the proUferating 
cell nuclear antigen (PCNA), a known nuclear autoantigen. 

The designation of an antigen to a particular category validate a newly identified 
molecule for different fields of cancer research. The identification of a multitude of 
new genes (including mutated products) with timiour-associated expression pro- 
vides new information and new targets for a better understanding of cancer 
biology. The transcripts derived from these genes and the proteins encoded by them 
as well as the associated immune responses may be clinically useful as novel diag- 
nostic or prognostic cancer markers. Ongoing studies with large groups of patients 
will show which subpopulations of tumour patients develop antibodies to partic- 
ular antigens and whether these immune reactions may be useful as early markers 
for the serodiagnosis of cancer. 


Optimization of cancer vaccines 

From the therapeutic point of view, the main appUcation for cancer antigens is 
cancer vaccination. For this purpose it is important to choose the right targets. For 
clinical as well as for technical and economical considerations, it is apparent that 
only a few antigens can be chosen as targets for controlled clinical cancer immimo- 
therapy studies. It will therefore be important to define rationales for the selection 
of suitable antigens. In this regard a niunber of requirements for the rational selec- 
tion of vaccine candidates can be fisted. The main idea of cancer vaccination is to 
induce an effective specific cytolytic immune activity against tumour cells. To avoid 
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major side-effects by destruction of nonneoplastic cells the molecular targets of the 
induced cytolytic activity should not be expressed or at least not recognized on 
tissues which are essential for the health of the vaccinated individual. With respect 
to specificity several classes including CTA, differentiation antigens, tiimour- 
associated overexpressed gene products, mutated gene products and tumour- 
specific spUce variants may be useful as targets. In this review we will focus on the 
features of cancer testis antigens. 

Cancer testis antigens as targets for cancer vaccination 

The search for tumour-specific antigens revealed a novel class of antigens with an 
intriguing expression pattern. CT antigens are expressed by a variable proportion, 
ranging fi"om 10 to 70% of a wide range of different himian timiour types. In 
normal tissues, cancer testis antigens (CTA) and their respective encoding genes, 
the so-called cancer testis genes (CTG) are not expressed, except for testis. 
Interestingly, the prototypes of this category, MAGE^, BAGE^^ and GAGE^^ were 
initially identified as targets for cytotoxic T cells. Several new members which have 
been added by SEREX to this category will be discussed in more detail below. 

H0M-MEL-40/SSX-2 

The HOM-MEL-40 antigen which was detected in a melanoma Hbrary is the first 
cancer testis antigen identified by SEREX. It is encoded by the SSX-2 gene. The 
members of the SSX genes, SSXl and SSX2, have been shown to be involved m the 
t(X;18)(pl 1.2; qll.2) translocation which is foimd in the majority of human syn- 
ovial sarcomas*^. By this translocation the SSX genes fuse with the SYT gene fi-om 
chromosome 18 resulting in the hybrid transcript -5' SYT-SSX 3'- which codes for 
a fusion protein. We observed that the SSX genes are silenced in normal tissues 
except for testis but are expressed in a wide variety of human tumours. 
Interestingly, the transcripts expressed in neoplasms other than synovial sarcoma 
are all derived from nonmutated, nontranslocated genes. Using homology cloning, 
additional members of the SSX family were identified^^ revealing at least five genes, 
of which four (SSX-1, 2, 4 and 5) demonstrate a CT-type expression^**^^ In the 
meantime we have identified several antigenic peptides derived from SSX gene 
products (unpubHshed results). 

NY-ESO-1 

By applying the SEREX methodology to oesophageal squamous cell carcinoma, 
Chen et al.^^ identified NY-ESO-1 as a new CTA. NY-ESO-1 mRNA expression is 
detectable in a variable proportion of a wide array of human cancers, including 
melanomas, breast cancer, bladder cancer and prostate cancer. A homologous gene, 
named LAGE-1, was subsequently isolated by a subtractive cloning approach^^ 
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demonstrating that NY-ESO- 1 belongs to a gene family with at least two members. 
Interestingly, NY-ESO- 1 was recently also identified by the CTL cloning approach 
using melanoma-derived tumour infiltrating lymphocytes^^ That NY-ESO- 1 may 
be simultaneously an hnmune target for both antibody and CTL responses in the 
same patient was demonstrated by studies of Jager et al.^^. Stockert et al.^^ observed 
that IgG antibody responses directed against NY-ESO- 1 are present in up to 50% 
of antigen-expressing patients, indicating that this antigen may also be an impor- 
tant target for CD4 + T lymphocytes. 


H0M-TES-14/SCP-1 

The expression of CT antigens in tumours and testis prompted our group to 
modify the origmal SEREX technique in order to bias for the detection of members 
of the CT class. For this intention, testis expression Ubraries were enriched for 
testis-specific transcripts by subtractive techniques and immunoscreened with 
allogeneic sera fi-om cancer patients. SEREX screening using such testis-specific 
surrogate libraries proved to be a successftil strategy for the identification of addi- 
tional CTA25. One of the identified new CTAs was shown to be encoded by the gene 
coding for the synaptonemal complex protein-1 (SCP-1). SCP-1 is known to be 
selectively expressed during the meiotic prophase of spermatocytes and is involved 
m the pairing of homologous chromosomes^^ an essential step for the generation 
of haploid cells in meiosis L Investigation of a broad spectrum of normal and 
maUgnant tissues revealed expression of SCP-1 transcripts and antigen selectively 
m a variety of neoplastic tissues and tumour cell fines. Immunofluorescence 
microscopy analysis with specific antiserum showed a cell cycle phase-independent 
nuclear expression of SCP-1 protein in cancer ceUs. SCP-1 is hitherto the only CTA 
with a known fimction. It is therefore mtriguing to speculate which role aberrant 
expression of a meiotic protein in a somatic cell plays for the genomic mstability of 
cancer cells. 

To cope with the rapidly growing number of CTAs, a new nomenclature has been 
suggested. According to the order of this initial identification the individual genes 
are designated by enumeration. Thus CT-1 (CT-1.1 - CT-1.13) represents MAGE 
members, CT-2 BAGE, CT-3 GAGE, CT-4 stands for the SSX-family members, etc. 
Since individual CTAs are expressed only m a variable proportion of tumours, only 
the availability of several CTAs could significantly enlarge the proportion of 
patients eUgible for vaccination studies. In this regard it is interesting that members 
of a given gene family tend to be expressed m a co-regulated fashion, whereas 
different gene families are preferentially expressed in other sets of tumours^^. It 
is therefore reasonable to choose antigens from different CT families to cover as 
many tumours as possible. Despite the fact that SEREX enlarged the pool of avail- 
able tumour antigens, the proportion of antigen-negative tumours is still high, 
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particularly in frequent neoplasms such as colon and prostate cancer. Moreover, 
immunohistological investigations for MAGE antigens have demonstrated a het- 
erogeneity of antigen expression even in the same tumour specimen^^. Thus, the 
combined or sequential use of a whole set of several antigens in a patient would 
have the potential of reducing or even preventing the in vivo selection of antigen 
loss tumour cell variants and would also address the problem of a heterogeneous 
expression of a given antigen in an individual tumour specimen. 

Recognition of SEREX antigens by T lymphocytes 

As stated above, antitumour immune responses result from a concerted immuno- 
logical action which involves both cellular and humoral effector mechanisms. Since 
the isotype switching and the development of high-titred IgG in vivo requires 
cognate CD4 + T-cell help, SEREX can be instrumentalized to analyse the CD4 4- 
T-cell repertoire against tumour antigens. With regard to CD8+ T lymphocytes 
that are recognizing SEREX antigens, it is noteworthy that MAGE-1, MAGE-4a and 
tyrosinase originally described as CTL targets have also shown up during the 
SEREX immunoscreening of several tumours, suggesting that at least some of the 
serologically identified antigens may bear epitopes that are recognized by CTL. 
Moreover, CTL responses have been demonstrated by two independent groups for 
the SEREX-defined NY-ESO-1 antigen and resulted in the identification of three 
HLA-A201 and three HLA-A31 restricted epitopes. Interestingly, antigenic pep- 
tides for two of the three HLA-A31 restricted epitopes are encoded by an alterna- 
tive open reading frame indicating that CTLs may respond to two different gene 
products translated from alternative reading frames of the same gene. 

identification of T-cell epitopes of SEREX antigens 

The search for T-lymphocyte-recognized epitopes of defined molecules is an 
important new field of molecular tumoiu* inmiunology and has been tided 'reverse 
T-cell immunology* by Thierry Boon. Because of the diversity of peptides presented 
by the highly polymorphic HLA alleles this objective means an enormous challenge 
for each individual antigen. Our group is also addressing this question in detail for 
members of the CTA class identified by SEREX. Several strategies have been created 
and used in recent years for this purpose. 

The antigenic peptide approach 

Using different algorithms, die sequences of serologically identified antigens are 
scanned for peptides containing binding motifs for MHC I or MHC II alleles^^^^*. 
Due to the polymorphism of HLA we focus on well characterized and frequent 
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MHC alleles. The predicted peptides are synthesized and tested for binding to the 
respective MHC molecules. Peptides with aifinity to MHC molecules are loaded 
onto dendritic cells or other professional antigen presenters and used to stimulate 
autologous T lymphocytes. T cells expanded by repeated stimulation are tested for 
HLA-restricted reactivity to antigen-positive target cells. Using this approach we 
have identified several HLA-A201 -presented antigenic peptides for different 
SEREX antigens. 
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The whole-protein approach 

Another strategy is based on the utilization of the full-length antigen which is either 
expressed in professional antigen-presenting cells by polynucleotide transfection or 
is fed as recombinant protein. Successful transfection of polynucleotides in den- 
dritic cells has been described using in vitro translated RNA^^ or recombinant viral 
delivery systems, such as vaccinia or adenovirus^^. Dendritic cells presenting anti- 
genic peptides after processing of endogenously expressed or exogenously loaded 
antigens are used for repeated stimulation of autologous T lymphocytes. Similar to 
the peptide approach expanded T lymphocytes are tested for antigen-specific reac- 
tivity and MHC restriction. 

The pre-existing CTL approach 

A multitude of CTL clones with ttunour cell specific reactivity has been established 
worldwide and in many cases the identification of the respective target antigens has 
resisted scrutiny. Using COS cells co-transfected with cDNA coding for serologi- 
cally identified antigens together with the restriction element, the reactivity of these 
T cells against SEREX antigens can be easily tested. 

Despite the fact that reverse T-cell inmiunology is a new terrain in tumour 
immunology the elaboration of technical advances provides rapid progress in this 
field. The analysis of peptides eluted from MHC molecules by mass spectroscopy 
is becoming more and more sensitive and will assist in the direct identification 
of naturally processed peptides derived from particular antigens. Together with 
the typing of the inmiimogenic genome provided by SEREX this vnSl shape an 
ever more complete picture of the repertoire of cancer-associated antigenic pep- 
tides. The knowledge derived fi-om these studies will form the basis for a rational 
immunotherapy, the success and failure of which could be analysed at the 
molecular level. 
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Q>nclusions and prospects for the future 

The multitude of tumour-specific antigens identified by the SEREX technique has 
revealed that the immune recognition of human tumours by the autologous host's 
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immune system is not impaired and opens the perspective for depicting an anti- 
genic profile for each individual timiour. With the identification and molecular 
definition of multiple antigens expressed by a given tumour, which eUcit an 
immune response in the autologous cancer patient, it has now become evident that 
the recognition of tumour antigens is not the limiting step in immune responses 
against tmnours. Rather, it is more likely that it is the effector arm of the immune 
system that contributes to the failure of the cancer patient's immime system to 
prevent or control cancer. The availabiUty of molecular defined genes, which are 
specifically expressed or overexpressed in many (and possibly all) human cancers, 
now provides a tool for the redirection or upregulation of the effector arm of the 
immune response towards an efficient cytotoxic response against malignant cells 
using various cancer vaccine strategies. The study and long-term follow-up of large 
numbers of patients will help to determine the diagnostic and prognostic relevance 
of tumour-specific antibodies in patients' sera and of antigen expression in 
tumours, as well as CTL responses. The abundance of human timiour antigens will 
enable us to proceed with the development of polyvalent vaccines for a wide spec- 
trum of human cancers using pure preparations of molecular defined antigens or 
antigenic peptide fragments. 
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